Vitamin D deficiency is associated with cardiac hypertrophy and heart failure, and vitamin D therapy prevents the progression of cardiac hypertrophy in animal models. Here, we examine whether vitamin D therapy prevents progression of pre-existing cardiac hypertrophy and development of heart failure.
Introduction
Accumulating evidence suggests that alterations in vitamin D metabolism are common in patients with congestive heart failure (CHF). 1, 2 Children with vitamin D deficiency rickets have concomitant cardiomyopathy, 3 and vitamin D deficiency and hyperparathyroidism are frequent findings in patients with severe CHF. 4 Also, vitamin D deficiency has been linked with increased risk of cardiovascular disease. 5 This notion is exemplified in patients with chronic renal failure, who are typically vitamin D deficient because the critical conversion of the storage form to the active form of vitamin D by 1a-hydroxylase (1a-(OH)ase)-which is mainly produced in the kidney-is impaired.
In renal failure patients, the prevalence of left ventricular hypertrophy (LVH) and diastolic dysfunction is 50-80%, and the rate of cardiovascular-related mortality is 10 -20 times higher than in the general population. 6, 7 We previously reported that vitamin D-treated haemodialysis patients had a reduction in left ventricular (LV) wall thickness and improved diastolic dysfunction parameters by echocardiography compared with untreated patients. 8 In addition, haemodialysis patients treated with paricalcitol (PC), a vitamin D analogue, demonstrated improved survival, 9 and this improvement was associated with a decrease in cardiovascular mortality. 10 To advance this hypothesis, we demonstrated that activated vitamin D therapy using paricalcitol blocks the development of cardiac hypertrophy in the Dahl salt-sensitive (DSS) rat model of cardiac hypertrophy. 8 Although these findings demonstrate that vitamin D signalling may have an anti-hypertrophic effect and may prevent the progression of cardiac hypertrophy in the setting of hypertrophic stimulation, it is unknown whether the therapy also prevents progression of established cardiac hypertrophy and development of heart failure. These latter findings would have important clinical and therapeutic implications if translated to humans. Herein we examine whether therapy with an activated vitamin D analogue prevents progression of established cardiac hypertrophy and development of heart failure in the DSS model.
Materials and methods

Animal model
Male DSS rats (Harlan Sprague-Dawley, Somerville, NJ, USA) were bred and fed a normal diet until 6 weeks of age. To generate pressure overload cardiac hypertrophy, they were then fed a high salt (HS) (6%NaCl) diet for the next 5 weeks. Data for baseline hypertrophic group (H) was obtained at the end of 11 weeks ( Figure 1A ). Rats fed normal diet were used as non-hypertrophic control baseline (N) at the end of 11 weeks. Among H group animals, they were divided as follows and treated for additional 4 weeks: (i) continuation of the HS diet with vehicle injection (H + V), (ii) continuation of the HS diet with paricalcitol (19- Figure 1A ). PC was prepared with 95% propylene glycol and 5% ethyl alcohol solution and administered three times a week on Monday, Wednesday, and Friday for four consecutive weeks. Vehicle groups received vehicle injections on the same schedule. Two groups of rats were implanted with pumps to deliver EP for 4 weeks. Since the reduction in blood pressure (BP) from high doses of EP would have effects on cardiac hypertrophy and progression to heart failure 11, 12 we used low-dose EP at 90 mg/day to study the effects of EP and PC that are independent of BP. In a preliminary experiment, we tested escalating doses of EP by intravenous infusion to find the highest dose that would not have a significant decrease in BP in DSS rats that were fed HS diet for 5 weeks (H group; Figure 1B ). We chose 90 mg/day, a maximum dose that did not significantly decrease BP in these rats. Alzet osmotic pump is placed subcutaneously after anaesthesia with isoflurane (initially 4 -5% in an induction chamber then 2% via intubation tube) via precise vaporizer. 
Pathologic, echocardiographic, and BP analyses
Pathological and histological analyses were performed as described previously. 13 -15 For heart extraction, deep anaesthesia is achieved by overdose of ketamine/xylazine (150 mg/mL, 130 mg of ketamine and 20 mg of xylazine i.p.) given at 0.2 cc/100 gm. Then, the chest cavity is opened by incisions made at the left intercostal space and the left lateral chest wall, followed by rapid incision of the heart. Transthoracic echocardiography was performed using an Agilent Sonos 5500 sector scanner ultrasound machine equipped with a 7.5 MHz transducer as described previously at the end of study period on each group of animals. 8, 13, 15 Detailed methods for pathologic and echocardiographic analyses are available in the Supplementary material online. Tail cuff BP was measured in each animal at the end of the study period using the Non-invasive BP (NIBP) measurement system for mouse (AD Instruments, Colorado Springs, CO, USA). Data were recorded using a PowerLab system and Chart 5 software (AD Instruments, Colorado Springs, CO).
Histology
Hearts were fixed in 10% formalin and paraffin-embedded. Sections were stained with haematoxylin and eosin (H&E) and Masson Trichrome (MT) at the Histology Core facility at Beth Israel Deaconess Medical Center. Fibrosis was quantified at 20X using a calibrated digital camera and software (DP 70 and DPController, Olympus America Inc., Irving, TX, USA) to survey entire heart sections. All areas of fibrosis were scored as either major (MT staining consisting of .10%/visual field) or minor (MT staining in ,10%/visual field or presence of perivascular fibrosis) as described previously. 16 
Adult cardiomyocyte culture and hypertrophic stimulation
Primary cultures of cardiomyocytes from 6-week-old Sprague -Dawley rats were prepared as described. 17 -19 To induce hypertrophy, cardiomyocytes were treated with phenylephrine (PE, 100 mM) or endotheline-1 (ET-1, 10 nM) for 24 h. Anti-phospho-PKCa antibodies were used to measure activation of PKCa 20 and were obtained from Millipore, Billerica, MA, USA. Detailed analyses are outlined in the Supplementary material online.
Microarray analysis
Total RNA was extracted from rat ventricle tissue using TRIzol (GibcoBRL, Gaithersburg, MD, USA). 8, 14 Microarray analysis was performed as described previously. 8 Detailed analyses are outlined in the Supplementary material online.
Plasma brain natriuretic peptide measurement
Tail-vein blood was collected and plasma levels of BNP were measured by using BNP ELISA kit (Assaypro, St. Charles, MO, USA) according to the manufacturer's instructions. 8 
Statistical analysis
Data were expressed as means + SEM. Comparisons between and within groups were conducted with unpaired Student t-tests and repeatedmeasures ANOVA, respectively. P-values of ,0.05 were considered statistically significant.
Results
Effects of PC on established cardiac hypertrophy and heart failure
At 6 weeks of age, the rats were fed either normal or HS diet for 5 weeks. Non-hypertrophic baseline was from rats fed a normal diet for 5 weeks (N) and hypertrophic baseline was from rats fed a HS diet for 5 weeks (H).
There was a significant increase in heart weight (HW)/tibial length (TL), but lung weight (LuW)/TL did not significantly changed in the H group compared with the N group, confirming that animals fed a HS diet developed compensated cardiac hypertrophy after 5 weeks (11 weeks of age) (see Supplementary material online, Table S1 ). Echocardiography demonstrated significant increases in intraventricular septum and posterior wall thickness without significant changes in fractional shortening (FS), again consistent with compensated cardiac hypertrophy (see Supplementary material online, Table S2 ).
In groups that were subsequently treated with PC (H + PC and H + EP + PC), cardiac hypertrophy that was established in the hypertrophic baseline (H) group was significantly reduced as shown by a decrease in HW/TL ratios after 4 weeks ( Figure 1C) . However, H + V and H + EP groups did not show significant reduction in HW/TL. In comparison, there was a significant 73% increase in LuW/TL ratios, which represents left-sided failure, in the H + V group compared with the H group indicating progressive heart failure when compared with the hypertrophic baseline (P , 0.05; Figure 1D ). The increase in LuW/TL was significantly reduced in all treated groups. In particular, the group treated with EP + PC showed an additive beneficial effect over the PC or EP treatment alone groups (% reduction vs. H + V: H + PC ¼ 218% and H + EP ¼ 221%, P , 0.05 vs. H + V; H + EP + PC ¼ 256%, P , 0.05 vs. H + PC or H + EP alone).
Echocardiographic analysis, consistent with the pathological findings, revealed significant reductions in intraventricular septum and posterior wall thicknesses in the PC and EP + PC treated groups, but similar reductions were not observed in the EP treated group (Figure 2A and B). Calculation of LV mass using echocardiographic parameters further confirmed that a significant reduction in LV mass occurred only in PC or PC + EP treated groups (% reduction vs. H + V: H + PC ¼ 220% and H + EP + PC ¼ 225%, P , 0.05). Cardiac function as measured by FS revealed significant reduction in the vehicle treated group that was reversed in all three treated groups. Again, in groups that were treated with EP + PC, there was an additive benefit in improvement of FS compared with PC or EP treatment alone (% increase vs. H + V: H + PC ¼ + 30% and H + EP ¼ + 30%, P , 0.05 vs. H + V; H + EP + PC ¼ + 60%, P , 0.05 vs. H + PC or H + EP alone; Figure 2D ). These data, in combination, suggest that PC treatment has a significant effect on preventing further increase in cardiac mass in the setting of established cardiac hypertrophy. Furthermore, treatment with PC or EP was able to attenuate the development of heart failure, with the combined treatment with PC and EP having an additive benefit.
Effect of PC on biochemical, haemodynamic, and histologic measures of cardiac dysfunction
As a corollary to the pathophysiologic and echocardiographic findings, we measured serum levels of brain natriuretic peptide (BNP), which rise in the setting of LV wall stress and serve as a marker for decompensated heart failure. There was no significant increase in BNP levels in the hypertrophic baseline (H) group compared with the non-hypertrophic (N) baseline group. However, compared with the baseline hypertrophic control (H), the H + V groups demonstrated approximately a 10-fold increase in plasma BNP level ( Figure 3A) . All three treatment modalities significantly reversed the BNP increase seen in the vehicle treated group; PC + EP treatment had an additive effect compared with PC or EP treatment alone with even further decrease in BNP nearly to the baseline level (% reduction vs. H + V: H + PC ¼ 276% and H + EP ¼ 279%, P , 0.05 vs. H + V; H + EP + PC ¼ 294%, P , 0.05 vs. H + PC or H + EP alone; Figure 3A ).
In this model of cardiac hypertrophy and heart failure, there is a significant elevation of BP due to the HS diet. 13 To determine whether significant BP changes were associated with the different treatment regimens, we assessed BP via tail cuff pressure at the end of each experiment. Our baseline hypertrophic group had a significant elevation of mean BP compared with the non-hypertrophic control (N) ( Figure 3B) . BP from the vehicle treated group maintained elevated mean BP, although it was non-significantly lower than the hypertrophic baseline. Treatment with PC, EP, or EP + Vitamin D therapy in heart failure PC had minimal effect on BP compared with the vehicle treated group.
Previously, vitamin D therapy was shown to have an anti-fibrotic effect 21, 22 and this may be one of the mechanisms attenuating the development of heart failure. 23 To examine this in detail, we performed a histological examination of heart sections. There was an increase in interstitial fibrosis, as determined by increased areas of MT staining, in H + V that was significantly attenuated by the treatment with PC ( Figure 4A and B) . EP treatment alone attenuated partial, but non-significant, interstitial fibrosis compared with the H + V group. These findings suggest that vitamin D therapy was associated with attenuation of cardiac fibrosis, which may be one mechanism preventing the development of heart failure. These improvements in clinical, biochemical, and histological parameters of cardiac hypertrophy and heart failure occurred in the absence of significant changes in BP.
Effect of PC on hypertrophic signalling
Since vitamin D is a critical regulator of maintaining Ca 2+ homeostasis, we hypothesized that anti-hypertrophic and cardioprotective effects of PC may involve hypertrophic signals that are Ca 2+ -dependent.
One such candidate is protein kinase C signalling, which has previously been implicated in cardiac hypertrophy and heart failure. 24 -27 We found the expression of classical PKC isoforms, a, which is known to be regulated by Ca 2+ and were significantly increased in H and H + V groups compared with the non-hypertrophic control (N) ( Figure 5A and B) . In contrast, the expression of other PKC isoforms, such as PKCb and PKC1, were unchanged ( Figure 5A , C, and D). Treatment with PC, EP or PC + EP for 4 weeks significantly blocked the activation of PKCa. However, there were no significant effects on PKCb or PKC1 expressions in any of the treatment groups. These data suggest that PKCa may be involved in attenuation of hypertrophy and heart failure in this model. To find a direct association between observed beneficial effects of PC and inhibition of PKCa activation, we tested the effect of PC on the activation of PKCa in adult rat cardiomyocytes stimulated with two hypertrophic stimuli: phenylephrine (PE) and endothelin-1 (ET-1). Treatment with these hypertrophic stimuli significantly increased atrial natriuretic factor (ANF) mRNA expression, a reliable marker for cardiac hypertrophy ( Figure 6A) . Treatment with PC significantly attenuated increased ANF mRNA expression after exposure to PE or ET-1. Using this model, we then tested the effect of PC on the activation of PKCa in adult rat cardiomyocytes stimulated with PE or ET-1. There was a significant activation of PKCa by stimulation with PE or ET-1 as shown by significant increase in phospho-PKCa (p-PKCa, Figure 6B and C ). The increase in p-PKCa by PE and ET-1 were significantly reduced by PC treatment.
Effect of PC on gene expression profiles
We have previously reported that several genes related to cellular signalling, adhesion, and contractile function have been altered, and some of these genes related to hypertrophy have been reversed by PC treatment. 8 In order to further examine the effect of various therapies on gene expression, we performed microarray analyses of LV tissue from the respective groups to determine the effect of PC on cardiac hypertrophy. We identified 285 genes that were either up-regulated or down-regulated when the compensated hypertrophic baseline (H) was compared with the decompensated heart failure group (H + V) ( Figure 6A ). This group of 285 genes was deemed 'heart failure genes'. Of these 285 genes, PC or EP treatment 'normalized' 74 and 34, respectively. Interestingly, these two treatments demonstrated distinct patterns of genetic reversal that suggested their potential cardioprotective mechanisms do not entirely overlap.
We then compared the genetic changes between EP and EP + PC to determine which genes were renin -angiotensin system (RAS)-independent. We found that a set of distinct genes were up-regulated (135) and down-regulated (109) between EP vs. EP + PC ( Figure 6B ). These differentially expressed genes include a variety of functional classes (see Supplementary material online, Table S3 ).
For example, a-myosin heavy chain (Myh6) stands out as consistently and significantly up-regulated in EP + V vs. EP + PC. Thus, our study demonstrates that prevention of progression of established cardiac hypertrophy and development of heart failure by PC treatment were associated with transcriptional regulation in heart that are, in part, RAS-independent.
Discussion
In this study, we sought to define the effects of active vitamin D therapy in established cardiac hypertrophy and progression to heart failure using the DSS rat model fed a HS diet. We found that only PC had a significant effect on preventing further progression of preexisting cardiac hypertrophy in DSS animals. In comparison, both PC and EP therapies attenuated the development of clinical and biochemical evidence of heart failure; there was an additive effect on the progression of heart failure in combination therapy with PC and EP. In fact, our gene array data demonstrates that attenuation of heart failure by combination therapy with PC and EP were associated with both common and unique gene expression profiles in heart. Thus, the potential RAS-independent mechanism by PC suggests additive effect of vitamin D therapy that could be explored in the treatment of heart failure. We also found that cardiac structural and functional improvements were coupled to inhibition of PKCa activation. These data are the first to demonstrate the prevention of progression of established cardiac hypertrophy and development of heart failure by an activated vitamin D compound in an animal model. These findings, combined with our previous findings that vitamin D therapy prevents the progression of cardiac hypertrophy 8, 28 suggests this therapy may be beneficial for those at risk to develop LVH, and those with pre-existing LVH, particularly if they are known to be vitamin D deficient (e.g. chronic renal failure patients).
A number of experimental studies demonstrate that vitamin D signalling is involved in cardiac hypertrophy. Endothelin-induced cardiomyocyte hypertrophy is blocked by activated vitamin D 29 and vitamin D deficiency leads to abnormalities in contraction, proliferation, and collagen and renin gene expression in cardiomyocytes. 30, 31 It has recently been demonstrated that functional vitamin D receptor (VDR), as well as 1a-(OH)ase and 24-hydroxylase, are present in the ventricular myocardium, and that VDR expression is up-regulated with the induction of cardiac hypertrophy. 32 VDR also has been
shown to transcriptionally regulate both ANF and BNP expression by interacting with their promoters. 32 -34 In addition, VDR KO mice exhibit baseline cardiac hypertrophy and concomitant activation of the RAS 35, 36 and vitamin D therapy blocks the development of cardiac hypertrophy in the DSS rat model of cardiac hypertrophy. 8 These findings suggest that the key components required for a functional vitamin D-dependent signalling system are present in the heart, and that vitamin D signalling may have an anti-hypertrophic and cardioprotective effects during the transition to heart failure. In this study, we further demonstrated that the anti-hypertrophic effect can also prevent progression of pre-existing cardiac hypertrophy as well as have a cardioprotective effect during the transition from compensated cardiac hypertrophy to decompensated heart failure. Further studies in other models of cardiac hypertrophy or heart failure, such as aortic banding or myocardial infarction models, would provide additional evidences to confirm if vitamin D supplementation has any cardiovascular beneficial effects. These studies are on going in our laboratory as well as others.
The relationship between vitamin D and PKC signalling is currently not well understood. The PKC family is divided into three subgroups: the classic (a, b1, b2, and g), the novel (d, 1, h, and u) and the atypical (z, n, m, and i). Of particular interest are the classical PKCs, which are categorized on the basis of their Ca 2+ -dependent activation. Specifically, PKCa expression has been shown to be up-regulated in animal models of heart failure, 24 cardiac specific overexpression of PKCa leads to marked ventricular dysfunction and alterations in Ca 2+ homeostasis, and the deletion of PKCa increases cardiac contractility. 26 In this study, we found that PKCa activation, which may be involved in the progression to heart failure in this model, was effectively blocked by the PC treatment. These findings suggest that PKCa is an important signalling molecule that regulates cardiac function by Vitamin D therapy in heart failure sensing intracellular Ca 2+ . This study is one of the first to demonstrate that vitamin D therapy attenuates PKCa activation in heart. The effect of vitamin D has been shown to involve RAS activation. 35 Li and co-authors found that VDR knockout (KO) mice exhibit increased cardiac renin gene expression and cardiac hypertrophy. 35 They also found that kidney renin mRNA and protein levels were markedly increased in both VDR KO mice and 25-hydroxyvitamin D 1a-hydroxylase knockout mice 36, 37 suggesting that vitamin D signalling may be involved in renin production in the kidney and the heart. Inhibition of ACE by EP showed a significant benefit in progression to heart failure in our study. In comparison, our study also showed that there was an additive benefit of vitamin D therapy in the setting of ACE inhibition, which supports the existence of a RAS-independent effect of vitamin D. However, since we did not use a higher dose of ACE inhibitor, which would have had significant BP effect that could compound the interpretation, we cannot fully rule out the fact that higher dose of ACEI would fully account for the effect of PC.
Further studies are needed to fully define the RAS-independent mechanism that may play a role in mediating the anti-hypertrophic and protective role of vitamin D therapy during the progression to heart failure. Previous studies support the association of vitamin D deficiency with increased risk of developing heart failure. Thus, vitamin D deficiency may be an under-recognized, non-classic risk factor for CHF that is readily correctable. As trials are pursued in patients with cardiac hypertrophy with or at risk for heart failure (e.g. clinicaltrials.gov NCT00497146), there needs to be better understanding of the causal relationship between vitamin D status and cardiac dysfunction, and the mechanism of vitamin D's anti-hypertrophic and cardioprotective effects in heart failure needs to be examined. Nevertheless, vitamin D therapy promises to be potentially novel therapy that might complement currently available therapies for heart failure.
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